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CHAPTER 1. INTRODUCTION

The imposition of a sinusoidal oscillation, of amplitude a, and
angular frequency w, on the mean flow through a circular pipe causes a
periodically varying pressure and velocity field. If the amplitude is

small enough a linear response is obtained for which

dp _dp dp
R + o lqx| cos (wt), (1.1)
u = G(y) + a G(y) cos (wt + eu(y)), (1.2)

with x being the distance in the flow direction, y, the distance from

the wall and t, the time. The time mean pressure gradient and the time

mean velocity of the undisturbed flow are designated by éB-and u(y); and

dx
. ] ! dp |~
the amplitudes of the oscillations, by a, |ix and a u(y)i{. These

oscillations in the velocity field give rise to oscillations in the

shear stress at the wall,

T, T Ty, + a |t cos (wt + BT ), (1.3)
W
with BT = 1im eu(y). This thesis presents the results of experiments
w y>0
with a fully developed pipe flow in which %w and GT are related to
ap N
dx|’

The experiments were conducted at high enough frequencies so that

over most of the flow field inertia is dominant; that is,

du _ _9p
P~ “ox - (1.4)

A solution of (1.4) for a sinusoidally varying pressure gradient gives



~

dx

s (1.5)

and

= T
86 = -3 (1.6)

Equation (1.5) reveals that, for this high frequncy range, even small

oscillations in the volumetric flow can cause oscillations in the

pressure gradient many times lafger than the mean pressure gradient.
Close to the wall turbulent and viscous stresses become important

so that u is related to the pressure gradient through the eqation

1.7)

The principal theoretical problem in predicting how the oscillations
in the wall shear stress are related to the oscillations in the
pressure gradient is the determination of how an oscillating pressure
gradient affects the turbulence. The experiments therefore provide a

(t)

test of closure methods that predict Tt close to a wall.

The motivation for this work has come from studies of the wall shear
stress variation along a solid wavy surface over which a turbulent fluid
is flowing. It was found, in these experiments, that the amplitude and
phase angle characterizing the periedic variation of the shear stress
along the wavy surface depend on the wave number, o = 2m/A, and that
this dependency could be scaled by using the kinematic viscosity, v,
and the friction velocity, u*. Of most interest was the discovery of
a sharp change in phase angle with increasing dimensionless wave number

at o = .0005 ~ .00L.



The interpretation of these results depends on the prediction of
the wave-induced variation of the Reynolds stress in the viscous wall
region (0 = y+ < 40). The turbulence modeling differs from that for flow
over a flat plate in that the waves induce a periodic variation of the
streamline curvature and of the pressure gradient at the surface.
Thorsness, Morrisroe and Hanratty (1978) and Abrams and Hanratty (1984)
have suggested that the observed behavior of the phase angle is primarily
associated with the influence of wave-induced pressure gradient. They
argue that at small a+ an equilibrium situatioﬁ exists whereby the flow
behaves similafly to that observed in gradually expanding or converging
channels. Regions of the wave surface with a favorable pressure gradient
experience a damping of the turbulence in the viscous wall region; regions
with an unfavorable pressure gradient experience an enhancement of the
turbulence. As a+ increases the pressure gradient varies so rapidly
along the wave surface that the turbulence in the viscous wall region
does not respond immediately. There is a relaxation from an equilibrium
turbulence to a frozen turbulence, manifested by the sharp change in the
phase angle with increasing a+.

The principal goal of the present experiments was to investigate
the above interpretation by carrying out studies of the influence of a
rapidly varying pressure gradient on the behavior of the viscous wall
region, without having to deal with additional complications associated
with streamline curvature. Of particular interest is the determination
of whether the variation of BT with w+ shows the same relaxation

W

phenomenon observed for flow over wavy surfaces.

In order to meet the above objective it was necessary to design the

. + .
experiment so that w was of the same order as the median frequency of



the turbulent velocity fluctuations in the vicinity of the wall

(®* .01 x 2m). At the same time, it was desirable to avoid the use of
imposed oscillations of unrealistically high frequency. This was done
by using a system which has low frequency turbulence; i.e., water flow
in a 19.4 cm pipe. Sinusoidal oscillations wiéh frequencies of 0.325 Hz
and 0.625 Hz were introduced into the system with a plunger type pump.
The amplitudes of the oscillations were made small enough that the
pressure gradient and wall shear stress varied sinusoidally with time.
The shear stress variation at the wall was measured with electrochemical
probes mounted flush with the wall. It was not possible to design this
experiment so that the frequency response of the probe did not have to
be taken into account. An advantage of using the electrochemical
method is that an analytical, rather than an experimental, scheme can be
used to correct for frequency response.

A number of previous investigators have studied the influence of
controlled flow oscillations on turbulent flows. An excellent review
has recently been presented by Carr (1981l). The work presented in this
thesis differs in that attention is focused on the wall shear stress
variation and on high values of m+. Previous investigators have found
that the influence of the oscillations on the mean velocity profile is
small and that their effect on turbulence 1s felt principally in the
region close to the wall. For this reason, there exists a need for
measurements of the wall shear stress oscillations. In most previous
studies accurate velocity measurements were not made close enough to
the wall to determine the time varying velocity gradient at the wall.

Recently, Tu and Ramaprian (1983) reported on direct measurements of

the wall shear stress with flush mounted wall heat transfer probes.



These were at values of w+ too low to observe the relaxation phenomenon
in which we are interested. In addition, there are uncertainties

about these results since no attempt was made to take into account the
frequency response of the probe.

The measurements of the velocity gradient at the wall in this study
confirms previous findings by a number of researchers that the mean flow
field is actually not affected by the imposed flow oscillation. The
measurements in this work have also verified the assumption that there
exists a linear response of the wall shear stress to the imposition of
a small amplitude flow oscillation. Moreover, it is found that the
relative phase and amplitude which characterize this response can be
correlated by a single parameter w+, which combines the effects of
frequency and Reynolds number in the range of variables studied.

The most striking feature of the results is a relaxation effect,
similar to what has been observed for flow over a wavy surface, whereby
the phase angle characterizing the temporal variation of the wall shear
stress undergoes a sharp change over a rather narrow range of w+. At
m+ larger than the median frequency of the turbulence, there appears
to be an interaction between the imposed flow oscillation and turbulence
fluctuations in the viscous sublayer, which is not described by present

theories of turbulence.



CHAPTER 2. LITERATURE SURVEY

Unsteady laminar flows in simple cases were solved analytically
or asymptotically. These solutions are summarized by Schlichting (1979).
G. Stokes (1851) and later Lord Rayleigh (1911) considered flow over
an infinite flat plate which executes linear harmonic oscillations
parallel to itself--Stokes second problem. Th.Sexl (1930) and S. Uchida
(1956) treated the case of flow through a pipe under the influence of a
periodic pressure gradient. An unique parameter Q = //%T-ro was found
to characterize periodic laminar flow in the pipe, where w is angular
frequency, v, kinematic viscosity and s radius of the pipe. At very
low values of 2, the velocity profile of the oscillation component is
in phase with the imposed variation of pressure gradient and behaves
like that in steady state flow with the same mean flow rate. At very
large values of Q, the oscillation flow field moves like a solid body
in the core region of the pipe and varies rapidly close to the wall.
For this case the phase of the oscillation velocity lags of the pressure
gradient by 90° in the center of the pipe, but only by 45° at the neigh-
borhood of the wall. This indicates that for high frequencies viscous
effect plays an important role in the wall region and that the outer flow
can be considered as inviscid.

Because the complexities and difficulties encountered in experi-
mental studies of unsteady turbulent flow, researches in this area
were rarely seen in literature a decade ago. Interest in this area
has been growing rapidly in recent years. Partially, this is because
results from such studies are needed in solving many urgent engineering

problems. More importantly,this recent interest can be associated with



the development of instrumentation and the availability of new techniques
of data acquisition and processing. Researchers have been mainly con-
centrated on three subjects: Oscillating flow at transitional Reynolds
number, turbulent boundary flow over flat plate under periodic exitation
of free stream flow, and turbulent oscillating pipe flow.

In this chapter, a brief survey of studies on these subjects will
first be presented. Then, studies in a relevant field, turbulent flow
over wavy surfaces, will be discussed. Finally, what has been learned
from these studies, and what are still unclear'or controversial points

will be summarized.

2.1 Oscillating Flow at Transitional Reynolds Numbers

Experience with steady flows subjected to spatial pressure gradients
has shown that pressure gradients can have a significant effect on the
critical Reynolds number. In an unsteady flow, one would intuitively
expect that the effects of unsteadyness on the flow structure will be
stronger on flows in the neighborhood of transition than on flows at
very large Reynolds numbers. This is because the transition process can
be sensitive to the strong acceleration/deceleration occurring in the
unsteady flow.

Gerrard (1971) studied pulsating flow at a mean flow Reynolds number
of 3370 in a pipe of diameter 3.81 cm with an amplitude of oscillation
0.57 of mean and a period of 12.2 s. A sheet of dye was produced by
electrolysis from a fine wire stretched across the diameter. Cine-
photography was used to record the motion of dyes and to find the velocity
profile. The most significant information obtained from the experiment

was that the flow was laminarized during the acceleration phase of flow

cycle,
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Ramaprian & Tu (1980) found a similar phenomenon in their experiments,
in which o0il flow was used in a circular pipe at a mean Reynolds number
of about 2100. Two frequencies (1.75 Hz and 0.057 Hz) were studied with
an amplitude 307 of the mean flow. Instantaneous velocities were measured
by using laser-Doppler anemometry (LDA). They observed that flow
oscillation increased the critical Reynolds number and, under certain
conditions, even brought about laminarization of the flow.

Shemer & Wygnaski (1981) approached the problem differently. They
compared the responses of laminar and turbulent air flow to an imposed
oscillation at the same mean Reynolds number 4,000. The undisturbed
flow was laminar, and turbulence was triggered artificially by imserting
a cylinder into the pipe. The hot wire anemometer was used to measure
the instantaneous velbcity. They found that turbulent flow responded
to an imposed pressure variation differently from laminar flow for the
same Reynolds number and the same pressure variation. They argued that
the frequency parameter @ no longer controls the flow because the
relevant viscosity is no longer v but turbulent eddy viscosity Vs
which is orders of magnitude larger than v. The effective Q is thus
much lower. They also observed a partial laminarization of the
trubulent flow during the acceleration of the flow. The time averaged
Reynolds stress-u'v' and the phase averaged Reynolds stress -<u'v'>
were measured with an x-wire. It was observed that -u'v' was indepen-
dent of the flow oscillation and that the phase of -<u'v'> lagged
behind the pressure variation.

There have been some efforts to consider the stability of time
periodic flows. Davis (1976) reviewed research works in this area.

The term unstable for a basic periodic state is defined by Davis as



a situation for which a disturbance experiences net growth over each
modulation cycle. A state for which every disturbance decays at every
instant is defined as stable. The most interesting result coming from
these studies is that there may be a state which is neither unstable

nor stable; i.e., the basic state is subject to a disturbance that grows
during part of the cycle, that attains an appreciable amplitude, that
decays during another part of the cycle. This type flow is called
transiently stable by Davis. Both theoretical and experimental works
indicate that Stokes layers are stable to small disturbances but are
apparently unstable to disturbances of large amplitude. For a fully
developed pipe flow, Sarphaya (1966) found that the critical Reynolds
number increases with increasing amplitude until it reaches a peak value,
after which it falls to values below the critical Reynodls number for

steady flow. More works need to be done in this area.

2.2 Periodic Turbulent Boundary Flow Over Flat Plate

The first experimental study on periodic turbulent boundary flow
over a flat plate was done by Karlsson in 1959. Amplitudes of the
sinusoidal oscillation up to 347% of the mean velocity and frequencies
ranging from 0 to 48 cycles/sec were used in a boundary layer wind
tunnel with zero pressuré gradient. The hot wire was used to measure
the mean velocity, the amplitude of in- and out-of phase components
of the first harmonic of the periodic oscillation, and the intensity
of higher harmonics and turbulence. One of‘thé most remarkable
results of his work is that effects due to non-linear interactions

between turbulence and the oscillation, even for oscillation amplitude



10
as large as 347 of the free stream velocity, are so small that the
effect of the oscillation on the mean flow is negligible.

The group at ONERA/CERT in France has done extensive studies on
a turbulent boundary layer subjected to sinusoidal free-stream
oscillations. Cousteix et al. (1977) used hot-wire anemometers to
measure time averaged and phase averaged velocity profiles as well as
turbulent intensity and shear stress across the boundary layer. They
found that the general behavior of the boundary layer and that the
structure of the turbulence were not fundamentally affected by the
unsteadiness of the flow. A quasi-steady approximation, combined with
a mixing length model, was used to describe unsteady flow at small
Strouhal number. Later, Cousteix et al. (1981,1982) extended the
range of their experiments so that they covered Strouhal numbers from
1.5 to 18. They confirmed that the mean flow field is not affected
by the unsteady effects, even up to a Strouhal number 18. An interesting
finding is that the main parameters of boundary layer like displacement
and momentum thickness 61, 8 ... oscilate as Strouhal number increases.
Direct measurements of the wall shear stress was done by using a
modified hot wire gauge. They found that the law of the wall is not
valid for evaluating wall shear stress if the Strouhal number is larger
than 5.

Parikh et al. (1981,1982) and Jayaraman et al. (1982) designed a
test section in which the boundary layer was subjected to a sinusoidally
varying, adverse, free-stream gradient. In the upstream of the test
section, a trubulent boundary layer grew under steady, zero-pressure

gradient conditions. This provided a well-defined inlet condition to
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the test section, which is especially important for computation of the
flow. The imposed oscillation frequencies used in their experiments
covered a range from quasi-steady (f = 0) to values approaching the
bursting frequency. The relative amplitudes of oscillations were 57
and 25% of mean free stream velocity at the end of the test section.
The laser Doppler velocimeter was used to measure the phase averaged
velocity profiles and turbulent intensities. Again, they found the
time averaged flow field is essentially unaffected by the imposed
unsteadiness and considered this a consequence of two observations:
(2) The time-averaged Reynolds stress distribution across the boundary
layer is unaffected; and (b) the Reynolds stresses arising from the
organized velocity fluctuations under imposed oscillation are negligible
compared to the Reynolds stresses due to the random fluctuations. How-
ever, the periodic flow was observed to be very strongly dependent on
the frequency of the excitation. At high frequencies of oscillation,
the boundary layer thickness and turbulent Reynolds stress were found
to become frozen over the oscillation cycle while they were observed
to have significant variation over the cycle at low frequencies. The
steady form of the law of the wall was found not to be valid for the
phase averaged velocity profile at high frequencies. The authors
argued that the Strouhal number based on the streamwise distance in the
test section and the local mean free-stream velocity is a very important
parameter for the periodic velocity.

The unsteady separating turbulent boundary layer over a flat plate
has been studied extensively by Simpson et al. (1981,1983a,1983b). The
hot-wire anemometer, the laser Doppler velocimeter and a thermal flow

direction probe were used to measure the effects of the sinusoidal
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unsteadiness of the free-stream velocity on the separating turbulent
boundary layer at low oscillation frequency.

The measurements showed that, upstream of any flow reversal or back-
flow, the flow behaves in a quasi-steady manner. The semi-logarithmic
law-of-the-wall velocity profile was found to be valid at each phase of
the cycle. The phase and the amplitude of phase averaged velocity was
found close to the values in the free-stream. However, downstream of
the detachment, large variations of the amplitude and phase of the phase
averaged velocity and the phase averaged turbulent properties were
observed across the boundary layer. They considered that unsteady effects
produce a hysteresis in relationships among flow parameters. The effect
of unsteadiness was described by the authors in the following way: As
the free-stream velocity, during a cycle, begins to increase, the detached
shear layer decreases in thickness, and the fraction of time that the flow
moves downstream Epu increases as backflow fluid is washed downstream. As
the free-stream velocity nears the maximum value in a cycle, the increas-
ingly adverse pressure gradient causes progressingly greater near wall
backflow at downstream locations while ;pu remains high at the upstream
part of the detached flow. After the free-stream velocity begins to
decelerate, the detached shear layer grows in thickness and the location
where flow reversal begins moves upstream. Higher oscillation frequencies

were found to enhance this hysteresis phenomenon.

2.3 Periodic Trubulent Pipe (or Channel) Flow

Lu (1973) studied the effects of pulsations on a fully developed
turbulent pipe flow of water in a range of Reynolds numbers from 16,000

to 81,600, with amplitudes from 0 to 0.17 of mean flow rate and frequencies
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from O to 1.5 Hz. The hot-film anemometer was used to measure the
velocity profiles and turbulent intensities. It was found that, when
the pulsating amplitude is small compared to the mean velocity the
Reynolds number and the dimensionless pulsating frequency are two
important parameters to characterize the flow, whereas, when the amplitude
is not small, the pulsating amplitude becomes an additional parameter.

The time averaged flow field was found not be affected by the unsteadi-
ness. They suggested that a quasi-steady model can be used to predict
periodic flow at low oscillation frequency.

Achary and Reynolds (1975) made measurements of periodic turbulent
air flow in a channel by using a hot-wire anemometer. The Reynolds number,
based on channel half width, was 13,800; the amplitudes were 2.4% and 3.6%
of the channel centerline mean velocity; the oscillation frequencies
were 24 Hz and 40 Hz respectively. The data show that the periodic velocity
is constant over most of the flow, with all the intersting effects occur-
ring in a region very close to the wall. The turbulent Reynolds stress
perturbations were found to be out of phase with the strain-rates,
indicating a viscoelastic type of repsonse. An interesting finding is
the strange difference between the 25 Hz data and 40 Hz data. They
suggested that there might be an interaction between the turbulence and
the imposed oscillation since the data 40 Hz was taken at a frequency close
to the "bursting frequency". Several closure models were developed by the
authors for the purpose of predicting the experimental results. The
models were not satisfactory. However, they revealed several key features
which need to be incorporated in a successful model.

Misushina et al. (1973) made comprehensive experimental studies of

the velocity profiles, turbulent intensities and auto-correlations in a
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.

2 cm turbulent pipe flow with imposed cscillation frequencies from

0.125 Hz to 1.32 Hz and a time averaged Reynolds number 104. Electro-
chemical probes were used to measure the instantaneous velocity and

the turbulent intensity. The bursting period was measured by determining
the delay time of the location of the maximum in the auto-correlation
curve of velocity fluctuations. The authors suggested that turbulent
pulsating flows can be classified into two groups by means of a critical
period of pulsation, which is equal to the maximum time between bursts.
When the periods of pulsation are longer than the critical period, the
velocity profiles are similar to those for steady flow and the intensity
of turbulent fluctuations don't vary in a cycle. For shorter periods,
the velocity profiles are different from those for steady flow and the
intensity of turbulent fluctuations oscillates in a cycle with its phase
about 180° different from that of the phase averaged velocity. Later
Mizushina et al. (1975) investigated the effects of pulsations on the
bursting phenomenon. They claimed that if the pulsating period is in
the range of the burst period, turbulence is generated near the wall by
the flow pulsation. Then, the generated turbulence propagates radially
to the centre-line of the tube. The mean propagation time of the
generated turbulence from the origin to the centre-line of the tube
agrees well with the mean burst period of steady turbulent flow and

is independent of the pulsation period. 1In the experiment, they found
that when pulsation period is less than the mean burst period, the
turbulent intensity oscillates near the wall and is frozen to its steady
state value in the central region of the pipe. This was interpreted

by the authors to mean that the oscillation induced intensity near the

wall doesn't have time to penetrate to the center in a period.
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Ohmi et al. (1976) reported experimental results on the velocity
distribution in pulsating turbulent pipe flow. They found that the
time-averaged distribution in pulsating flow agrees well with that of
steady flows, and that the oscillating velocity profiles can be described
by approximate solutions derived from a four-region model for a steady
turbulent flow. They further (1978) solved the fundamental equation
for pulsating turbulent flow numerically by using this four-region eddy
viscosity model. The calculation indicates that a quasi-steady treatment,
i.e., a time dependent friction velocity, should be applied at low oscil-
lation frequencies. The numerical results also suggest that the effect
of large Reynolds number could be similar to that of low frequency on
the oscillating flow field.

Kirme (1979) used the laser Doppler velocimeter to measure velocities
in pulsating turbulent pipe flow. He pointed out that there might be a
small region of backflow near the wall for some combinations of flow
parameters. For a larger Reynolds number, higher frequencies and amplitudes
of oscillation are needed to form these zones. Kirme also reported that
an eddy viscosity model based on turbulent kinetic energy can not predict
the pulsating flow correctly.

Kita et al. (1980) proposed a fluctuating eddy viscosity model for
Reynolds stress, based on a five region model in steady turbulent flow,

and compared it with experimental data. They suggested that a modified
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the volumetric flow rate, while SZ/Re is an important parameter near the

wall. Their experimental data show no effect of oscillation on the

time-mean velocity profile.



Binder and Kunmey (1982) measured neriodic velocity oscillations near
the wall in a turbulent pulsating channel water flow. They reported
that with a proper optical arrangement it was possible to use LDV to
make measurements as close as 0.25 mm from the wall corresponding to
y+ = 2 for E; = 17.5 cm/s. The results showed that the mean flow and
the mean turbulent intensity were not affected by the forced oscillation.
The amplitude and the phase shift profiles of the periodic component
approximately follow the laminar Stokes solution at high frequency. At
low frequencies, the phase shift near the wall decreases to slightly
negative values while the amplitude remains close to the Stokes solution.
The phase averaged longitudinal trubulent intensity was not found to be
simply proportional to thevelocity oscillations. The authors argued that
in the region near the wall the Stokes thickness 2: nondimensionalized
with the mean viscous sublayér thickness is an important parameter
needed to characterize turbulent pulsating flow.

Ramaprian and Tu (1982,1983a,1983b) reported detailed experimental
data on the instantaneous velocity and wall shear stress at a mean

Reynolds number 50,000 in a fully developed turbulent pipe flow in which

the volumetric flow rate was varied sinusoidally with frequencies 0.5 Hz

and 3.6 Hz, and amplitudes 647 and 157 of the mean flow rate respectively.

In contrast to most other researchers, they concluded from their data
that both the time mean velocity profiles and the time mean turbulent
intensities are affected by the imposed unsteadiness. They considered
that these effects are caused by the combination of high oscillation
frequency (approaching the bursting frequency) and large amplitude. The

phase averaged turbulent intensity data showed that at high frequency
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the turbulent intensity remains frozen throughout the cycle in the outer
region and that at lower frequency it experiences significant variation.
The authors also reported the results of direct measurement of wall
shear stress in turbulent pulsating flow with flush mounted hot film
gauges. The phase shifts of the wall shear stress were found to be of
the order of 10 degrees in their experimental range. However, since
they didn't consider the frequency response of the probe, serious errors
could be present in the results obtained at high frequency. They
suggested a modified Strouhal number %%—, which uses friction velocity
instead of bulk mean velocity, to characterize unsteady turbulent flow.
With this parameter, they classified turbulent pulsating flow into

five regimes, based on the histogram of the intervals between the

bursts measured by Mizushina et al.

2.4 Turbulent Flow Over a Solid Wavy Surface

A relevant field to the pulsating flow is turbulent flow over a
wavy surface. The spatial periodic variation of the solid boundary
causes changes of pressure in the fluid field and of shear stress along
the wall. For small enough wave amplitudes a linear response is obtained
whereby the functions describing the pressure and shear stress variation
have a single harmonic. Abrams et al. (1981) presented necessary
conditions for a linear response.

A review of the measurements of wall shear stress and pressure
profiles over a solid wavy surface is given by Abrams (1984).

The analysis carried out by Thorsness et al. (1978) indicates that
the phase angle characterizing the shear stress variation at the wall is

: ” + * . .
a unique function of a wave number, a = 2mv/Au”, made dimensionless
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with the kinematic viscosity, v, and the friction velocity, u . The
amplitude of the shear stress variation, made dimensionless by using

* *
v and u , is found to vary linearly with agu /v, where a, is the amplitude

0
of the wave. The ratio of these two dimensionless amplitudes is also an
unique function of d+. To predict the phase shift and amplitude of the
wall shear stress, the principal problem is the specification of the
wave induced Reynolds stresses. Thorsness (1975) tried several models
and found that the mixing length model of Loyd et al. (1970) did the
best job in accounting for the influence of wave induced variations of
the turbulence properties. This model predicts a sharp variation of
phase shift of the wall stress in a narrow range of d+. However, his
experimental data didn't cover a large enough range of conditions to
show this variation.

Abrams (1984) extended the experimental range by using the same
wavelength A = 2 inches, and by increasing the maximum value of u
by a factor of four. The experimental data indeed show a sharp change
in the phase shift of the wall shear stress for 6 X 10“4 < d+< 10—3.
The interpretation of this observation is the relaxation effect of
turbulent flow in the viscous wall region, associated with the wave-
induced variation of the pressure gradient. The physical process
underlying this phenomenon is not yet understood. Although, the author
tried a k~e model to introduce the relaxation in a more natural way,
the calculated results couldn't describe the data any better. His
work also indicates that the wave induced variation of pressure gradient

has a more important effect on the turbulence in the viscous sublayer

than the wave induced variations of streamline curvature.



2.5 Summary of the State of Art

Due to large efforts made in the last decade, many experimental
and some computational results have been published. Nevertheless,
turbulent pulsating flow is still not understood.

Most of the data have shown that the time mean flow field is
unaffected by the imposed oscillation. Only the data reported by
Ramaprian and Tu indicate a slight effect of oscillation on the time
mean velocity profile and on the time mean turbulent intensity. One
can at least get an impression that the mean flow field is not
sensitive to the imposed unsteadiness.

Nevertheless, the phase averaged velocity field is strongly

dependent on the characteristics of the external excitation, especially

of the oscillation frequency. The response of turbulent flow to an
imposed oscillation is qualitatively similar to that of laminar flow.
At very low frequency, the velocity profile for both flows at each
instant is the same as that in a steady flow with the same flow rate.
At high frequency, the periodic velocity component for both flowsis
flat in the center of the pipe and has a rapid change near the wall.
However, the response of these two flows are quantitatively very

different. For example, the frequency parameter § = v %-r , which

0
characterizes the laminar periodic flow, is no longer a suitable
parameter for the turbulent case. Although several frequency para-
meters have been suggested for characterizing turbulent pulsating

flow, no definite conclusion can be deduced. Moreover, the amplitude

of the imposed oscillation and the mean Reynolds number are other

important factors affecting the turbulent pulsating flow. Their effects,

especially when they combine with the effect of frequency, are not yet

understood.
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There are some data on the phase averaged intensity of turbulent
fluctuations reported in the literature. It seems that the phase
averaged intensity oscillates around the mean value at low frequency,
while at high frequency it varies only near the wall and is frozen to
the mean value in the region away from the wall. The phase of the
intensity variation also shifts from that of the velocity, indicating
that there is no simple relation between the turbulent properties and
the rate of strain.

The effects of the imposed oscillation on the turbulent structure
are not clear. Most of the existing data for the Reynolds stress are
calculated from the measurement of the velocity profile by using the
momentum balance equation. The large possible errors in data obtained
in such manner make it difficult to come to any definite conclusions.

A strong interation between the turbulent and the imposed oscillations
at some resonant frequency, anticipated by several researchers, is
still not substantiated.

The response of the flow in near wall region is very important for
understanding turbulent pulsating flow. Because the inertial effect
is much less in this region than in the outer flow, the data near the
wall offer a good test for turbulent models used to predict the flow.
However, few reliable measurements have been made in this region. At
high frequencies, the layer, in which the periodic velocity has spatial
variation, is so thin that measurement of its properties is not feasible.
Therefore, the wall shear stress measurements in the present study are

needed to obtain a better understanding of a turbulent pulsating flow.
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CHAPTER 3. THEORY

In this chapter, a theoretical framework for the description of
turbulent pipe flow with a superimposed organized sinusoidal excitation
is presented. The flow field is decomposed into three components: the
time mean flow, an oscillation flow and the turbulent fluctuations.

The equation governing the oscillation flow is derived and solved
numerically by applying several turbulent models based on the eddy
viscosity concept. Then, the phase and the amplitude characterizing
the variation of shear stress at the wall are calculated at different
flow conditions. The results are compared with experimental data in

Chapter 5.

3.1 Triple Decomposition and the Phase Average

In steady turbulent flow, the problem is attacked by decomposing
flow variables into time mean values and turbulent fluctuations. The
term ''steady” means the time mean values are independent of time.

When an organized unsteadiness is imposed on the system, this additional
component, which is a deterministic function of time, has to be included.

Following Hussain and Reynolds (1970), the problem can be formulated as

E(x,t) = E(x) + E(x,t) + E'(x,t), (3.1)

where Ekg) is the time mean value of E(x,t) at a given location x,
ﬁ(§)t), the organized response component due to the imposed excitation
and E'(x,t), the turbulent fluctuation.

In order to separate the three components of a flow variable, two

different averaging procedures are employed; i.e., a time average and an
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ensemble average. The time average is conventionally used in steady

turbulent studies, and is defined as
_ T
E(x) = lim —-J E(x,t) dt (3.2)

In discrete form, the time average is the average of a large number

of samples in a record of sufficiently long duration. That is

(3.3)

In practice, the total time duration in which all the samples were taken
is large compared to the imposed excitation period and the longest turbulent
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